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A B S T R A C T
Helium is relevant in determining nuclear fuel behaviour. It aﬀects the performance of nuclear fuel both in
reactor and in storage conditions. Helium becomes important in reactor conditions when high burnups are
targeted or MOX fuel is used, whereas for storage conditions it can represent a threat to the fuel rods integrity.
The accurate knowledge of helium behaviour combined with predictive model capabilities is fundamental for the
safe management of nuclear fuel, with helium diﬀusivity being a critical property. For this reason, a considerable
number of separate eﬀect experiments in the last ﬁfty years investigated helium diﬀusivity in nuclear fuel. The
aim of this work is to critically review and assess the experimental results concerning the helium diﬀusivity.
Experimental results are critically analysed in terms of the helium introduction technique used (either infusion,
implantation or doping) and of sample characteristics (single crystal, poly-crystal or powder). Accordingly, we
derived two diﬀerent correlations for the diﬀusivity. Clearly, each of the new correlations corresponds to a
limited range of application conditions, depending on the experimental data used to derive it. We provide
recommendations regarding the proper application conditions for each correlation (e.g., in reactor or storage
conditions).
1. Introduction
The knowledge of helium behaviour in nuclear fuel is of funda-
mental importance for its safe operation and storage (Olander, 1976;
Rossiter, 2012). This is true irrespectively of the particular fuel cycle
strategy adopted. In fact, both open and closed fuel cycles tend towards
operating nuclear fuel to higher burnups (i.e., keeping the fuel in the
reactor for a longer time to extract more speciﬁc energy from it), thus
implying higher accumulation of helium in the fuel rods themselves
(Rondinella et al., 2003). Moreover, considering open fuel cycles fore-
seeing the disposal of spent fuel, the helium production rate in the spent
nuclear fuel is positively correlated with the burnup at discharge, and
the production of helium (by α-decay of minor actinides) progresses
during storage of spent fuel (Crossland, 2012; Wiss et al., 2014). On the
other hand, closed fuel cycles imply the use of fuels with higher con-
centrations of minor actinides (e.g., minor actinides bearing blankets,
MABB), thus they are characterized by higher helium production rates
during operation (Crossland, 2012).
Helium is produced in nuclear fuel by ternary ﬁssions, (n,α)-
reactions and α-decay (Botazzoli, 2011; Ewing et al., 1995; Federici
et al., 2007). After its production, helium precipitates into intra- and
inter-granular bubbles and can be absorbed/released from/to the nu-
clear fuel rod free volume (Booth, 1957; Matzke, 1980). Helium can
thus contribute to the fuel swelling (and eventually the stress in the
cladding after mechanical contact is established), the pressure in the
fuel rod free volume, and the gap conductance (giving feedback to the
fuel temperature) (Piron et al., 2000).
Among the properties governing the behaviour of helium in nuclear
fuel, its diﬀusivity and solubility govern the transport and absorption/
release mechanisms (Maugeri et al., 2009; Nakajima et al., 2011; Talip
et al., 2014a). Compared to xenon and krypton, helium presents both a
higher solubility and diﬀusivity in oxide nuclear fuel (Belle, 1961; Petit
et al., 2003; Rufeh et al., 1965). These high values of helium solubility
and diﬀusivity are responsible for its peculiar behaviour, characterized
by phenomena that are not observed for xenon and krypton (e.g., he-
lium absorption, helium thermal re-solution from bubbles) (Donnelly
and Evans, 1991).
A considerable amount of experiments has been performed with the
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goal of determining the diﬀusivity and solubility of helium in nuclear
fuel (Belle, 1961; Garcia et al., 2012; Guilbert et al., 2004; Hasko and
Szwarc, 1963; Martin et al., 2006; Maugeri et al., 2009; Nakajima et al.,
2011; Pipon et al., 2009; Ronchi and Hiernaut, 2004; Roudil et al.,
2004; Rufeh, 1964; Sung, 1967; Talip et al., 2014a; Trocellier et al.,
2003). In particular, several measurements have been made to de-
termine the helium diﬀusivity as a function of temperature (Belle, 1961;
Garcia et al., 2012; Guilbert et al., 2004; Martin et al., 2006; Nakajima
et al., 2011; Pipon et al., 2009; Ronchi and Hiernaut, 2004; Roudil
et al., 2004; Rufeh, 1964; Sung, 1967; Talip et al., 2014a; Trocellier
et al., 2003), whereas few experiments are available to characterise
Henry’s constant,1(Belle, 1961; Blanpain et al., 2006; Hasko and
Szwarc, 1963; Maugeri et al., 2009; Nakajima et al., 2011; Rufeh, 1964;
Sung, 1967; Talip et al., 2014a).
The experimental procedures available for measuring helium dif-
fusivity diﬀer mainly in the way in which the helium is introduced in
the fuel samples. In particular, three introduction techniques are used:
(i) infusion (Belle, 1961; Nakajima et al., 2011; Rufeh, 1964; Sung,
1967; Maugeri et al., 2009), in which the sample is kept in a pressurized
helium atmosphere for a certain infusion time, (ii) ionic implantation
(Garcia et al., 2012; Guilbert et al., 2004; Martin et al., 2006; Pipon
et al., 2009; Roudil et al., 2004; Trocellier et al., 2003), in which a
beam of 3He+ hits and penetrates the sample, and (iii) doping (Ronchi
and Hiernaut, 2004; Talip et al., 2014a), in which α-decaying elements
are introduced in the sample, resulting in an internal source of helium.
These introduction techniques generate diﬀerent helium distributions
in the samples and induce diﬀerent levels of damage to the crystal
lattice of the sample (Labrim et al., 2007; Talip et al., 2014a). De-
pending on the introduction technique used, diﬀerent measuring tech-
niques are adopted to determine the concentration of helium in-
troduced in the sample. A relation is then established between the
helium concentration and the diﬀusivity (Rufeh, 1964; Sung, 1967).
Moreover, helium diﬀusivity has been measured for samples with
diﬀerent microstructures, i.e., single crystals, poly-crystals, and pow-
ders.
In the light of the profound diﬀerences in experimental techniques
and in microstructure of the samples, the correlations derived from
rough data ﬁtting must be critically analysed. In fact, the spread of
available diﬀusivities is extremely large. Nevertheless, currently used
correlations for the helium diﬀusivity are still derived from rough data
ﬁtting (Garcia et al., 2012; Nakajima et al., 2011; Ronchi and Hiernaut,
2004; Roudil et al., 2004; Talip et al., 2014a) or are intended to be
upper/lower boundaries enveloping the data (Federici et al., 2007;
Ronchi and Hiernaut, 2004).
In this work, we provide a complete overview of all the experi-
mental results obtained for helium diﬀusivity in oxide nuclear fuel. The
experimental results are classiﬁed according to the helium introduction
technique used. At last, we derive empirical correlations and re-
commend the most suitable values of the helium diﬀusivity in the main
cases of interest (e.g., in-pile, storage or annealing condition). The de-
rivation of empirical correlations is complemented by an uncertainty
analysis.
2. Review of experimental results
Early measurements of the helium diﬀusivity in oxide nuclear fuel
have been performed since the 1960s. The growing interest in de-
termining helium behaviour in nuclear fuel to assess its performance in
storage conditions translated in several new experiments performed in
the last twenty years. In this Section, we give an overview of all the
experimental results available in the open literature, organized in
chronological order, as reported in Table 1.
Helium can be introduced into oxide nuclear fuel samples by infu-
sion (Nakajima et al., 2011; Rufeh et al., 1965; Sung, 1967), ion im-
plantation (Garcia et al., 2012; Guilbert et al., 2004; Martin et al., 2006;
Pipon et al., 2009; Roudil et al., 2004; Trocellier et al., 2003) or by
doping the matrix with short-lived α-emitters (Ronchi and Hiernaut,
2004; Talip et al., 2014a). Fig. 1 shows a sketch of the diﬀerent ex-
perimental techniques herein considered. Depending on the helium
introduction technique, the crystalline lattice suﬀers diﬀerent levels of
damage. Crystalline lattices with diﬀerent damage levels show diﬀerent
helium behaviour. Moreover, each technique used to introduce the
helium in the sample has a corresponding speciﬁc technique to measure
the amount of helium introduced.
Belle (1961) ﬁrst studied the diﬀusivity of helium in a UO2 powder.
After his work, the helium diﬀusivity in oxide nuclear fuels was esti-
mated by Rufeh (Rufeh et al., 1965; Rufeh, 1964) and Sung (1967)
using UO2 samples (some in powder form and some single crystal) with
helium introduced through the infusion technique.
Table 1
Summary of the experimental works considered in this overview.
Ref. Sample Technique of He introduction He release measurement method
(Belle, 1961) UO2 powder (0.16 μm) Infusion Dissolution and MSa
(Rufeh, 1964)
(Rufeh et al., 1965)
UO2 powder (4 μm) Infusion Dissolution and MS
(Sung, 1967) UO2 single-crystal (1 μm) Infusion Dissolution and MS
(Trocellier et al., 2003) UO2 poly-crystal Ion Implantation μNRAb 3He(d,p)α
(Guilbert et al., 2004) UO2 poly-crystal (8 μm) Ion Implantation
Fluence 3He (m−2)= 1020
NRA 3He(d,α)H
(Roudil et al., 2004) UO2 poly-crystal (10 μm) Ion Implantation
Fluence 3He (m−2)= 0.3·1020
Fluence 3He (m−2)= 3·1020
NRA 3He(d,p)α
(Ronchi and Hiernaut, 2004) (U0.9, 238Pu0.1) O2 poly-crystal Doping KEMS
(Martin et al., 2006) UO2 poly-crystal (24 μm) Ion Implantation
Fluence 3He (m−2)= (1.7 ± 0.06)·1020
NRA 3He(d,α)H
(Pipon et al., 2009) (U0.75,239Pu0.25) O2 poly-crystal Ion Implantation
Fluence 3He (m−2)= 5·1019
NRA 3He(d,p)α
(Nakajima et al., 2011) UO2 single-crystal (18 μm) Infusion KEMS
(Garcia et al., 2012) UO2 poly-crystal Ion Implantation
Fluence 3He (m−2)= 1020
NRA 3He(d,α)H
(Talip et al., 2014a) (U0.999, 238Pu0.001) O2 poly-crystal (10 μm) Doping KEMS
a Mass Spectrometry.
b NRA (Nuclear Reaction Analysis) is a nuclear method to obtain the proﬁle of helium implanted in samples, using 3He(d,p)α and 3He(d,α)H reactions (Martin et al., 2006; Pipon et al.,
2009).
1 Early work from (Rufeh, 1964; Sung, 1967) demonstrated the validity of Henry’s law
for the system helium/oxide fuel.
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In a more recent study, Trocellier et al. (2003) measured the
thermal diﬀusivity of 3He implanted in diﬀerent nuclear materials.
Subsequently, also Guilbert et al. (2004) and Roudil et al. (2004) per-
formed similar experiments in similar temperature ranges (around
1173–1373 K), both using samples of polycrystalline UO2. In particular,
Roudil et al. (2004) used two values of 3He ﬂuence, showing that he-
lium diﬀusivity is higher for lower implantation ﬂuences. They ascribed
this behaviour to helium trapping at defects sites. Ronchi and Hiernaut
(2004) focused their activity on the mixed oxide fuel (U0.9, 238Pu0.1)O2,
exploiting the plutonium content as a doping of the sample itself (238Pu
is a short-lived, hence convenient α-emitter). This was the ﬁrst ex-
perimental work about helium diﬀusivity in mixed oxide fuel. Martin
et al. (2006) measured helium concentrations in disks of polycrystalline
UO2, using the implantation technique. Pipon et al. (2009) applied the
implantation technique to determine the diﬀusivity of mixed oxide
samples with stoichiometry (U0.75, 239Pu0.25)O2.
Furthermore, Nakajima et al. (2011) determined the helium diﬀu-
sivity in single crystal UO2 samples. They adopted the infusion tech-
nique and measured the helium infused concentration through a
Knudsen–eﬀusion mass-spectrometric method (KEMS)2. Garcia et al.
(2012) measured the helium diﬀusivity in samples of polycrystalline
UO2 implanted at a ﬂuence of 1020 3He·m−2. They also estimated the
diﬀusivity of helium at grain boundaries by comparing their results to
those obtained from single-crystal samples. Talip et al. (2014a) used
238Pu-doped UO2 samples. They measured the helium release rate as a
function of the annealing temperature and used this information to
derive the diﬀusivity of helium single atoms and of helium bubbles as
well (Talip et al., 2014a). Moreover, this study leveraged on the TEM
technique, employed to obtain images of the sample before and after
the introduction of helium. TEM provides additional qualitative and
quantitative information, which is very useful for the modelling and
interpretation of the outcome of the experiment (e.g., the amount of
helium that precipitates into bubbles, the size of these bubbles and their
location) (Talip et al., 2014a).
A recent study by Talip et al. (2014b) investigated the diﬀusivity of
helium in non-stoichiometric UO2 fuel samples. This is of major interest
because the fuel gradually transitions into a hyper-stoichiometric
composition during storage (Wiss et al., 2014), and during operation if
high burnups are achieved (Lewis et al., 2012) or clad failure occurs.
The results of this work indicated that the diﬀusivity of helium is higher
in non-stoichiometric samples compared to the diﬀusivity in stoichio-
metric ones, for both single crystals and polycrystalline microstructures
(Crocombette, 2002), which is in line with the ﬁndings for Xe by
Matzke (1980).
In conclusion of this brief overview, it is worth mentioning the
important contribution to these studies arising from molecular dy-
namics (MD) calculations (Martin et al., 2006; Yakub et al., 2010). In
particular, Yakub et al. (2010) investigated both hypo- and hyper-
stoichiometric UO2. They concluded that small deviations from stoi-
chiometry signiﬁcantly accelerated helium diﬀusion, in agreement with
the experimental results for hyper-stoichiometric samples (Yakub et al.,
2009). Yakub suggests that non-stoichiometry increases helium diﬀu-
sivity because it provides more paths for the movement of helium atoms
within the lattice. The strength of this eﬀect appears to be more pro-
nounced in the hypo-stoichiometric domain (Govers et al., 2009; Yakub
et al., 2010).
In the following subsections, we describe the experimental results
brieﬂy introduced above. We categorize them depending on the tech-
nique used to introduce the helium in the sample. This is motivated by
diﬀerent techniques causing diﬀerent levels of damage in the crystal
lattice of the sample, which may aﬀect the diﬀusivity of helium in the
sample itself (Talip et al., 2014b). Furthermore, for each experimental
result, we specify the sample microstructure.
Clearly, several other crucial aspects could contribute in ex-
plaining the spread observed in the experimental data (e.g., the spe-
ciﬁc conditions/atmospheres of the annealing experiments, the evo-
lution of lattice damage during annealing, the potential trapping of
helium atoms at defects sites, …). Nevertheless, very limited experi-
mental information is available to enlight these eﬀects. We therefore
decided to keep an engineering approach and proceed with a cate-
gorization based only on the technique used to introduce the helium in
the sample.
2.1. Infusion
As mentioned above, there are four experimental studies in which
the infusion technique was used to introduce helium in samples (Belle,
1961; Nakajima et al., 2011; Rufeh, 1964; Sung, 1967). The results of
these experiments in terms of diﬀusivity are collected in Table 2 and
plotted in Fig. 2.
The experimental results obtained via the infusion technique cover a
wide range of temperatures, from 968 K to 2110 K. The spread of the
diﬀusivities is of one-two (1-2) orders of magnitude (Fig. 2). This ex-
perimental spread is in line with the spread of the diﬀusivities of other
inert gases (i.e., xenon and krypton) (Matzke, 1980).
No clear dependence of the data upon the crystalline structure of the
samples (either single crystals or powders) is observable (Fig. 2).
2.2. Implantation
Several recent experimental studies used the ion implantation
technique to introduce the helium in samples (Garcia et al., 2012;
Guilbert et al., 2004; Martin et al., 2006; Pipon et al., 2009; Roudil
et al., 2004; Trocellier et al., 2003). The results of these experiments in
Fig. 1. Sketch of the diﬀerent experimental techniques used to introduce helium in nuclear fuel samples.
2 KEMS is a method to determine the quantity of helium released during thermal
desorption (Colle et al., 2014, 2013; Talip et al., 2014a).
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terms of diﬀusivity are collected in Table 3 and plotted in Fig. 3.
The experimental results obtained via the ion implantation tech-
nique cover a rather limited range of temperatures compared to those
derived via the infusion technique (from 968 K to 2110 K for the infused
and from 973 K to 1373 K for the implanted, respectively). The spread
of the diﬀusivities is around three (3) orders of magnitude. Again, this
experimental spread is in line with the spread of the diﬀusivities of
other inert gases (i.e., xenon and krypton) (Matzke, 1980).
All the samples used in these experiments are poly-crystals. Hence,
it is impossible to attempt a categorization of the available diﬀusivities
in terms of microstructure.
2.3. Doping
Only two experimental studies used the doping technique to in-
troduce the helium in samples (Ronchi and Hiernaut, 2004; Talip et al.,
2014a). The results of these experiments in terms of diﬀusivity are
collected in Table 4 and plotted in Fig. 4.
The experimental results obtained via the doping cover the range of
temperature from 1320 K to 1800 K (Talip et al., 2014a), whereas the
range for the results of Ronchi and Hiernaut (Ronchi and Hiernaut,
2004) is not speciﬁed. The spread of the data is of three-four (3–4)
orders of magnitude and may be inﬂuenced by the large diﬀerence in
damage accumulation (displacements per atom). Again, this experi-
mental spread is in line with the spread of the diﬀusivities of other inert
gases (i.e., xenon and krypton) (Matzke, 1980).
3. Derivation of empirical correlations
The experimental diﬀusivities are categorized depending on the
technique used to introduce the helium in the samples. With this ca-
tegorization, two clusters of data become evident: the measurements
performed via the infusion technique are in the lower region of the
diﬀusivity range, whereas the measurements performed via the ion
implantation and doping techniques lie in the upper region (Fig. 5). We
ascribe this major clustering of the data to the diﬀerent level of lattice
damage induced by the diﬀerent experimental techniques used to in-
troduce helium in the samples. In particular, ion implantation and
doping introduce additional defects in the crystal lattice of the sample
(Talip et al., 2014b), enhancing diﬀusion. This conclusion is in line with
the studies showing enhanced diﬀusion in hypo- and hyper-stoichio-
metric samples (Talip et al., 2014b; Yakub et al., 2010), i.e., in samples
characterized by somewhat altered crystal lattices.
Considering the two clusters, we propose two distinct empirical
correlations for the helium diﬀusivity: one based on the data for infused
samples and another one based on the data for implanted and doped
samples. This implies that one correlation is suited for applications with
no (or very limited) lattice damage, whereas the other is more suited for
applications with signiﬁcant lattice damage,3 which is consistent with
the diﬀerence observed between the two sets of data obtained with the
doping technique.
The proposed correlations are in the form D=D0 exp[−Q/kT].
Available data do not support the inclusion of other regressors besides
temperature (e.g., only two data include plutonium concentration and
each cluster includes only up to two microstructures).
Table 5 collects the derived ﬁtting parameters and the un-
certainties related to each ﬁtting parameter and to the diﬀusivity
prediction as well.4 We can notice that the parameters for the corre-
lation for ion implantation and doping data is aﬀected by high
Table 2
Summary of the experimental helium diﬀusivities in oxide fuel obtained via the infusion technique.
Ref. Sample Diﬀusivity (m2 s−1)a Temperature (K)
Belle (1961) UO2 powder (0.16 μm) 9.05·10−22 968
1.01·10−20 1070
4.08·10−20 1166
1.86·10−19 1268
Rufeh (1964)
Rufeh et al. (1965)
UO2 powder (4 μm) 1.5·10−17 1473
Sung (1967) UO2 single crystal (1 μm) 6.14·10−18 1473
9.15·10−18 1623
12.57·10−18 1773
Nakajima et al. (2011)b UO2 single crystal (18 μm) 9.50·10−10 exp[−2.05/kT] Range: 1170–2110
4.88·10−10 exp[−1.93/kT] Range: 1390–2070
a The activation energy is expressed in electronvolt (eV). The Boltzmann constant, k, is coherently expressed in eV K−1.
b The annealing of the samples has been performed with the KEMS method (Colle et al., 2014, 2013; Talip et al., 2014a).
Fig. 2. Plot of the experimental helium diﬀusivity in oxide fuel obtained via the infusion
technique, as a function of temperature.
3 The statement that each correlation herein derived should be applied in diﬀerent
situations depending on the lattice damage is meant as an indication, and not as a general
conclusion. In fact, it is diﬃcult to derive strong conclusions considering the limited
numbers of available data. Nevertheless, this indication appears to be supported by the
available data (within the temperature range covered by the available data).
4 For those experimental data that were given already in the form of a line, we included
in the ﬁt only the points at the extremes of the temperature range as representative of the
two degrees of freedom of the line.
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uncertainty, related to the wide spread of the experimental data. Every
comparison between the two correlations, in terms of activation en-
ergy Q and pre-exponential factor D0, represents an indication of a
tendency. In fact, the available data are not suﬃcient to statistically
support conclusions. On the other hand, since we included all the
available data in the ﬁtting procedure, these correlations are the best
available at this time.
By ﬁtting separately the two clusters of data (i.e., data from samples
with no or very limited lattice damage and with signiﬁcant lattice da-
mage, respectively), we obtain an improved ﬁtting quality. In fact, if
Table 3
Summary of the experimental helium diﬀusivities in oxide and mixed oxide fuel obtained via the ion implantation technique.
Ref. Sample Diﬀusivity (m2 s−1)a Temperature (K)
Trocellier et al. (2003) UO2 poly-crystal (3.7 ± 0.74)·10−18 1273
Guilbert et al. (2004) UO2 poly-crystal (8 μm) 6·10−17 1373
Roudil et al. (2004) UO2 poly-crystal (10 μm) 8·10−9 exp[−(2 ± 0.1)/kT]b Range: 1123–1273
4·10−10 exp[−(2 ± 0.1)/kT]c Range: 1123–1273
Martin et al. (2006) UO2 poly-crystal (24 μm) 2.25·10−17 1073
7.6·10−17 1373
Pipon et al. (2009)d (U0.75,239Pu0.25)O2 poly-crystal 9.2·10−18 1123
1.6·10−16 1273
Garcia et al. (2012) UO2 poly-crystal 5·10−10 exp[−(1.4 ± 0.2)/kT] Range: 973–1373
a The activation energy is expressed in electronvolt (eV). The Boltzmann constant, k, is coherently expressed in eV K−1.
b This result is derived from a sample implanted with a helium ﬂuence of 0.3·1020 m−2 (Roudil et al., 2004).
c This result is derived from a sample implanted with a helium ﬂuence of 3·1020 m−2 (Roudil et al., 2004).
d The samples used by Pipon et al. are made of UO2 pellets with 24.5 wt% of plutonium (mainly 239Pu) (Pipon et al., 2009).
Fig. 3. Plot of the experimental helium diﬀusivity in oxide fuel obtained via the ion
implantation technique, as a function of temperature.
Table 4
Summary of the experimental helium diﬀusivities in oxide and mixed oxide fuel obtained via the doping technique.
Ref. Sample Diﬀusivity (m2 s−1)a Temperature (K) dpab
Ronchi and Hiernaut (2004) (U0.9, 238Pu0.1)O2 poly-crystal (8 ± 2)·10−7 exp[−(2.00 ± 0.02)/kT] N/A 0.7c
Talip et al. (2014a)d (U0.999, 238Pu0.001)O2 poly-crystal (10 μm) 10−7 exp[−2.59/kT] Range: 1320–1800 0.04
a The activation energy is expressed in electronvolt (eV). The Boltzmann constant, k, is coherently expressed in eV K−1.
b Displacement per atom (dpa).
c As reported by Talip et al. (2014a).
d Talip et al. also proposed a diﬀusivity for helium bubbles in the same temperature range, equal to 10−10 exp[−1.9/kT] (Talip et al., 2014a).
Fig. 4. Plot of the experimental helium diﬀusivity in oxide fuel obtained via the doping
technique, as a function of temperature.
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data clustering is disregarded, the ﬁt of all the data has a coeﬃcient of
determination of the linear regression R2= 0.43.
The best estimate correlation for the cluster of data with no or very
limited lattice damage is
= −
−D kT2.0·10 exp[ 2.12/ ]10 (1)
whereas for the cluster of data with signiﬁcant lattice damage we get
= −
−D kT3.3·10 exp[ 1.64/ ]10 (2)
We calculated the uncertainty on the prediction of the diﬀusivity by
propagating the uncertainty of each ﬁtting parameter. The resulting
uncertainty is of the order of a factor of ten (×10) for the correlation
relative to no or very limited lattice damage (Eq. (1)) and of a factor of
one thousand (×1000) for the correlation relative to signiﬁcant lattice
damage (Eq. (2)). For comparison, the uncertainty of the ﬁt made with
all the data is a factor of ten thousands (×10,000). The proposed ca-
tegorization therefore allows for a reduction of uncertainties of a factor
of one thousand/ten, respectively.
Fig. 5 collects the experimental results shown in Figs. 2–4, together
with the derived correlations for each data cluster. The overall range of
temperature covered by the available data is 968–2110 K.
4. Conclusions and recommendations
In this work, we reviewed all the experimental results describing the
helium diﬀusivity in oxide nuclear fuels. This is a key parameter in
assessing the behaviour of nuclear fuel both in reactor and storage
conditions, irrespectively of the particular fuel cycle strategy adopted.
We categorized the available experimental data for the helium dif-
fusivity in two groups, depending on the level of damage induced in the
lattice of the sample by the experimental technique used. The resulting
clustering of the data motivated the derivation of two distinct corre-
lations for the helium diﬀusivity as a function of temperature. These
correlations have an uncertainty of a factor of ten (10) to one thousand
(1000) smaller compared to the correlation obtained by statistically
ﬁtting all the data (with no critical assessment of the eﬀect of the ex-
perimental technique). The foreseen adoption of these new correlations
in integral fuel performance codes will lay the foundations for a more
accurate predictive modelling of helium behaviour in nuclear fuel.
We recommend the correlation derived from data obtained by the
ion implantation and doping technique in calculations for reactor and
storage conditions. In fact, these experimental techniques introduce a
certain level of lattice damage in the sample, which is similar to that
suﬀered by the fuel in reactor and storage conditions. On the other
hand, we recommend the use of the correlation derived from data ob-
tained by infusion for calculations for fresh nuclear fuel.
An important conclusion of this work is the need for new experi-
mental data, with well characterized temperature and damage levels
(dose, concentration of doping elements or deviation from stoichio-
metry). In particular, the correlation derived herein recommended for
reactor and storage conditions (presumably the most important appli-
cations) is aﬀected by uncertainties of three (3) orders of magnitude.
Since for its derivation we included all the available experimental data,
new experiments are required to reduce the uncertainty associated with
this correlation. If justiﬁed by reduced uncertainties, one could consider
developing a further improved correlation for helium diﬀusivity also
depending on the local fuel burnup. A further reﬁnement will have to
be performed on the basis of data obtained from damaged samples,
since the magnitude and concentration of defects also aﬀects the helium
diﬀusivity as revealed in Table 4.
The complete characterization of helium behaviour in nuclear fuel
requires the investigation of other properties besides its diﬀusivity. In
particular, reliable correlations for helium solubility should be devel-
oped as more data become available.
Fig. 5. Plot of the experimental helium diﬀusivity in oxide fuel. The measurements
performed via the infusion technique (green) are clustered in the lower part of the plot,
whereas in the upper part emerges a cluster of those measurements performed via the ion
implantation (blue) and doping (red) technique. This clustering is ascribed to the diﬀerent
level of lattice damage caused to the sample by the diﬀerent experimental techniques.
Each cluster is ﬁtted by a distinct correlation (magenta and light green). (For inter-
pretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
Table 5
Summary of the information concerning the ﬁt of correlations. The form is Log D=Log D0−Q/kT Log e. For each ﬁtting parameter, we report in round brackets the
conﬁdence intervals at 95% conﬁdence level.
Data (Ref.) Log D0 (m2 s−1) Q (eV)a Range (K) R2
Infusion
(Belle, 1961; Nakajima et al., 2011;
Rufeh et al. 1965; Rufeh, 1964; Sung, 1967)
−9.7 (−11, −8.4) 2.12 (1.77, 2.56) 968–2110 0.93
Ion implantation
(Garcia et al., 2012; Guilbert et al., 2004;
Martin et al., 2006; Pipon et al., 2009;
Roudil et al., 2004; Trocellier et al., 2003)
and doping
(Ronchi and Hiernaut, 2004; Talip et al., 2014a)
−9.5 (−13, −5.8) 1.64 (0.74, 2.56) 973–1800 0.52b
a The corresponding values of the activation energy Q (J) are 3.4·10−17 and 2.6·10−17, respectively.
b This value of R2 does not seem fully satisfactory. Nevertheless, we still choose to report this ﬁt since it includes all the data available in the literature. Further
reﬁnement of this correlation is of major interest, once more data will become available.
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